Measuring Soil-structure Interaction on Laterally Loaded Piles with Digital Image Correlation  by Helm, J. & Suleiman, M.
 Procedia IUTAM  4 ( 2012 )  66 – 72 
2210-9838 © 2012 Published by Elsevier B.V. Selection and/or peer review under responsibility of H.D. Espinosa and F. Hild.
doi: 10.1016/j.piutam.2012.05.008 
Full field measurements and identification in Solid Mechanics 
Measuring soil-structure interaction on laterally loaded piles 
with digital image correlation 
J. Helma, M. Suleimanb
aLafayette College, Department of Mechanical Engineering, Easton, PA 18042, US 
bLehigh University, Department of Civil Engineering, Bethlehem, PA 18015, US 
Abstract 
A testing system to investigate soil-structure interaction on laterally loaded piles has been developed at Lafayette 
College. The two-piece soil box developed for this work allows the direct or indirect loading of single or multiple pile 
systems. Direct loading is accomplished by attaching hydraulic rams directly to the exposed area of the piles above 
the soil surface. Indirect loading is accomplished by loading the top section of the two-piece soil box, transferring the 
load from the ram to the side of the top section of the box and then to the pile through the surrounding soil. 
The interaction between the piles and the soil is monitored by a variety of sensors that range from common load cells, 
strain gages and displacement sensors to shape acceleration arrays, sheet pressure sensors and digital image 
correlation. The shape acceleration array measures the displacement of the pile along its length. Sheet pressure 
sensors are used to record the pressure distribution of the soil/soil box interaction in front of the directly loaded piles 
and behind indirectly loaded piles. Digital image correlation is used to measure surface soil movement. By combining 
the results from the various sensors the interaction of the soil and pile can be better understood. 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of H. Espinosa and 
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1. Introduction 
While many structures rely on driven piles as a structural component of their foundation, the 
mechanisms that govern interaction of the pile and the surrounding soil are not well understood. This lack 
of understanding, coupled with a shortage of reliable design methods that address the problems of soil 
structure interaction (SSI), results in designs that may neglect its effect on the structure. SSI was 
identified by the National Research Council in its 2003 report [1] as one of the major challenges facing 
civil engineers in the United States. 
The key to understanding this problem is gaining a more complete picture of the interaction of the soil 
and the structure(s). One key element to the problem is measuring the interface contact pressure between 
a structure and the surrounding soil and relating it to the relative movement of the elements [2]. To 
achieve this goal a soil-structure interaction facility has been established at Lafayette College. The aim of 
the facility is to simultaneously measure the most important factors encountered when structural elements 
interact with the soil.  These factors include the applied loads, the resulting contact pressure between the 
soil and the structural elements, soil movement and the movement of the structural elements. This paper 
will highlight the use of digital image correlation to capture the 3D surface displacements of the soil and 
the relative movement of the structural members. 
2. Testing system 
The testing system was developed to study the interaction of piles and the soil under two different 
loading conditions. First, the load may be applied directly to the top of the pile causing the pile to press 
against the surrounding soil. The will be referred to as direct loading. Conversely, the load may be 
applied to the soil causing the soil to press on the pile. This will be referred to as indirect loading. The 
system developed for this work is capable of measuring applied load, contact pressure at various 
locations, movement of the pile, three-dimensional surface displacement of the soil, strain in the pile’s 
reinforcement, and the pile’s axial displacement and shape. 
2.1. Loading system 
The loading system consists of a multi-part soil box, reaction frame and manually activated hydraulic 
actuators mounted on a reinforced strong floor. The soil box is split into two segments. The lower 
segment has an internal volume of 1.4 m x 1.4 m x 1.5 m. The upper segment has an internal volume of 
1.4 m x 1.4 m x 0.7 m and has no floor. The upper surface of the lower box and the lower surface of the 
upper box are covered with UHMW polyethylene so the upper box can slide on the lower one with 
minimal resistance. For the purpose of this work, the side of the box nearest the actuator is the back of the 
box and the side furthest from the actuator the front. 
Figure 1 shows a diagram of the loading system in its two configurations. The configuration for testing 
piles under direct loading is shown in Figure 1a. The hydraulic actuator/load cell attaches directly to the 
top of the pile. Loads are transmitted to the pile and the pile presses against the soil. The second 
configuration is used for indirect testing and shown in Figure 1b. In this setup the actuator/load cell 
presses on the back face of the upper soil box. The side of the upper soil box pushes on the soil which, in 
turn, presses on the embedded pile. The actuator has a 700kN capacity.  
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Fig. 1. Diagram of the experimental setup showing configurations for (a) direct loading, (b) indirect loading 
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2.2. Instrumentation 
As stated earlier, the goal of this testing system is to simultaneously capture a number of factors that 
may influence SSI throughout the test. To achieve this goal a variety of instrumentation is employed. The 
hydraulic actuators are equipped with load cells. The position of the pile and upper soil box is measured 
with string potentiometers. The pile is also equipped with an inclinometer. Sheet pressure sensors are 
used to measure the interfacial pressure between the soil and the structural elements. Each sheet has an 
area of 0.43 m x 0.43 m. The sheet has 1,024 embedded sensors and is less than 0.7 mm thick. The sheets 
are flexible and may be used in a variety of configurations. In general, one sheet is wrapped around the 
pile and used to measure the pile/soil interaction and one sheet is used to measure the pressure 
distribution of the soil on one wall of the soil box. A shape acceleration array (SAA) is used to measure 
the shape and orientation of the pile along its length. The SAA consists of a series of gravity-based 
sensors connected end to end to form a rope-like sensor that runs down the length of the pile and returns 
an array of 3D positions for positions along the length of the pile. Finally the surface movement of the 
soil is measured with a pair of 3D image correlation systems. 
2.3. Digital image correlation system 
Because this work concentrates on the results from the image correlation systems, they will be 
described in greater detail. The soil displacement was measured using two 3D systems as shown in Figure 
2. Each system imaged an area of approximately 1.0 m x 1.0 m. The overlapping areas included more 
than half of the soil surface and part of the top surface of the soil box. The cameras were oriented to 
minimize the amount of surface occluded from view by the top of the pile, sensor wires and loading 
actuator. The system used 1k x 1k Pulnix TM-1020 cameras. One system used 15 mm fixed focal length 
Schneider lenses and the other used 18-35 mm Nikon zoom lenses set at 18 mm. This gave the systems 
roughly equal magnification at about 1 pixel/mm. The acquisition and analysis of the images was done 
using software developed in house. The software used a subset based system similar to that described in 
[3].  
The surface of the soil was speckled using perlite, a commonly available soil additive for gardening. 
To speckle the surface of the soil, perlite was scattered over the surface and then lightly pressed into the 
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soil with a hand tamping tool. This proved to be an effective method to produce a suitable speckle pattern. 
One drawback to using perlite is that the speckles are made up of discrete particles which may become 
dislodged if the surface experiences large, sudden shifts. The painted surfaces on the top of the soil boxes 
and the top surface of the pile were speckled after the photograph was taken so the correlation system 
could also be used to measure the movement of the pile and box. 
3. Test program 
The image correlation results from three tests are presented in this paper. For the first test, the pile was 
loaded directly. Figure 3 is an image taken from one of the cameras and shows the large portion of the 
soil directly behind the specimen that was occluded by the hydraulic actuator. The pile in the second test 
was indirectly loaded, using the setup shown in Figure 2. The third test was performed using the same 
indirect loading configuration as test number two but without a pile in the soil. 
4. Results and discussion 
Plots of surface displacement data from the first test is shown in Figure 4. During this test only the 
lower, fixed soil box was used. The pile was directly attached to the hydraulic actuator and loaded. The 
data shown is at an applied load of 1.7 kN. At this load the top of the pile moved 52.7 mm from its initial 
location. The contours in the three plots present the measured U, V and W displacements, respectively. 
The white arrows are streamlines generated from the U and V surface displacements. The effect of the 
pile pressing on the soil is clearly visible in the graphs. The pile displaces the soil in front of the pile and 
the soil shifts to fill in the resulting void behind. Similarly, the interaction of the pile and the soil causes 
the soil ahead of the pile bulge upward as seen in the graph of out-of-plane movement. The characteristic 
fields, the diagonal lobe in the U field and the lobe in front of the pile in the V and W fields, were similar 
throughout the loading. Increasing load caused the lobes to grow in magnitude and expand spatially.  
Fig. 2. Photograph of indirect loading setup Fig. 3. Image of direct loading setup showing the loading actuator 
occluding the area behind the pile 
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The second test was an indirectly loaded test. The upper and lower soil boxes were used and the load 
applied to the outer wall of the upper soil box. The data is shown a load level of 17.8 kN. Data from the 
SAA shows that the pile rotated in the soil in response to the load. Strain gages attached to the pile 
indicated that the it developed cracks below the shear surface as the pile was loaded to this level. Relative 
to a fixed coordinate system, the upper soil box moved 122.6 mm and the pile moved 69.7 mm. This load 
was chosen because the movement of the pile relative to the soil box is the same as that from the first test. 
As seen in Figure 5, as the upper soil box moved forward, a large area of the soil separated from the main 
body and the upper surface sank down. This portion of the soil is no longer affecting the pile and its data 
Fig. 4. U, V and W displacement data and streamlines for the directly loaded pile test. Pile movement 52.7 mm 
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Fig. 5. Image of the soil box after 122.6 mm of movement 
showing the separation of the soil at the front of the box
Fig. 6. V displacement for the indirect test with 
a pile. 
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has been omitted from the contours. The data from this test is plotted in Figure 6. The position of the soil 
box and the location of the pile relative to the soil box are illustrated in the graph. The pile lags behind the 
movement of the upper soil box. The contours show the V displacement of the surface of the soil. The 
streamlines plot the direction of the soil movement relative to the movement of the pile and show the 
movement of the soil around the pile. 
The third test was similar to the second but run without a pile. The 14.5 kN dataset was chosen 
because the upper soil box had the same of displacement as that in the second test. As seen in Figure 7, 
the soil is under compression from the back wall of the soil box up to about Y=300 mm. At this point the 
soil shifts forward due to the unsupported soil embankment at Y=500 mm. The movement at the left side 
wall is approximately the same as the overall movement of the upper soil box. While it is clear from the 
contours that the movement of the soil was not homogenous, the stream lines indicate that the movement 
was nearly unidirectional. 
To better isolate the interaction between the soil and the pile under indirect loading, the surface 
displacements from test two were subtracted from the displacements from test three. Non-zero values 
indicate areas where the pile interaction changed the surface displacements relative to the soil-only test. 
This data set is plotted in Figure 8. The resulting displacement field is shown by the contours. The 
streamlines are the same as those in Figure 6. While a simple visual comparison of the streamlines from 
test two and test three show the movement of the soil around the pile and into the side wall, the contour 
plot shows that the movement of the soil is significantly lower, when compared to the test without the 
pile, not only at the pile but also at a location even with the pile on the side wall.  It also shows that the 
soil movement in the middle 200 mm segment of the box closely resembles the movement from the test 
without the pile. 
Fig. 7. Indirect test without a pile at the same amount of box 
movement as the test with a pile. 
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Fig. 8. Displacement map of the difference 
between the indirect tests with and without a pile 
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5. Conclusion 
A testing system to study the effect of soil-structure interaction has been developed at Lafayette 
College. The two-piece soil box system has the capability to apply loads directly to the top of a pile or to 
apply loads indirectly by pushing on the upper soil box. The testing system incorporates a variety of 
sensors including pressure pads, shape acceleration arrays and digital image correlation. The use of the 
digital image correlation system in the effort was the central topic of this manuscript.  
A pair of 3D image correlation systems was used to measure the surface displacements of the soil. The 
overlapping views covered more than one half of the soil surface and the camera positions reduced the 
amount of the surface occluded from view by the loading system, sensor cables and the pile. The system 
was able to measure the movement of the surface of the soil, the top of the pile, and the soil box. These 
capabilities were demonstrated on three SSI pile tests. 
The three tests include a directly loaded pile test, an indirectly loaded pile test and an indirectly loaded 
soil test without a pile. The image correlation system was able to measure the surface displacements in all 
three cases. The data acquired by the image correlation systems shows effect of the soil-structure 
interaction for the relatively straight forward case of a directly loaded pile. It was also shown that, while 
some of the SSI effects could be determined from a single indirectly loaded test, more information could 
be obtained if the soil movement from the indirect test was compared to the soil movement from a soil-
only indirect test with an equal amount of upper soil box movement. 
Furthering the understanding of soil-structure interaction has been identified as one of the significant 
challenges in civil engineering. Digital image correlation has the ability to quantify the effect of SSI on 
surface soil movement. When this data is combined with the information available from the other 
advanced sensors in this test system, it is hoped a greater understanding of SSI effects can be achieved. 
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